Considerable progress has been made in the understanding of fretting fatigue over the last decade. Experiments have become more standardised and carefully controlled and this has provided the data necessary for development of methods for predicting fretting fatigue performance. This paper reviews a number of recent developments, starting with attempts to apply multiaxial initiation criteria to the fretting problem. The importance of the size effect is highlighted and an analogy is made between fretting and notch fatigue. Methods for characterising crack initiation using asymptotic analysis are discussed, together with short crack arrest concepts which provide a means of predicting fretting fatigue limits from plain fatigue data.
Introduction
The phenomenon of ÔfrettingÕ has been recognised and studied for well over a century. Initially it was recognised primarily as a surface damage phenomenon; essentially what might today be called Ôfretting wearÕ. The first recorded reference in the literature is in a paper by Eden et al. [1] , published in 1911. These authors report the presence of fretting debris, interpreted as iron oxide, in the neighbourhood of a contact interface. Although fretting fatigue is not specifically mentioned, the contact in question was that between grips and specimen in a plain fatigue test. In the years since then, there must have been many researchers 0013 who have suffered unintended fretting fatigue failures in this configuration. Indeed, fretting between a specimen and grips has been used the basis of a fretting fatigue test by Hutson et al. [2] . Following the early investigations, fretting was recognised as being associated with a reduction in fatigue life [3, 4] and the term Ôfretting fatigueÕ came into common use to describe situations where microslip between contacting surfaces appears to give rise to a reduction in fatigue life when compared to a plain component. 
YoungÕs modulus of body i f coefficient of friction G shear modulus K T elastic stress concentration factor K Ã I generalised stress intensity factor describing pressure at edge of contact K Ã II generalised stress intensity factor describing shear traction at edge of contact DK stress intensity factor range DK eff effective stress intensity factor range DK th threshold stress intensity factor range DK 0 long crack threshold stress intensity factor range P normal load (per unit length of contact) p contact pressure p 0 maximum contact pressure in Hertzian or flat and rounded contact Q tangential load (per unit length of contact) q shear traction R radius of cylindrical contact pad r distance from edge of contact t time x ordinate parallel to contact surface Y geometry factor in expression for stress intensity factor y ordinate normal to contact surface z complex co-ordinate (x + iy) a crack length a 0 crack length at transition to long crack growth Dc shear strain range C FS Fatemi-Socie parameter C SWT Fretting fatigue has been responsible for a large number of service failures across a wide range of applications. For example, fretting in railway axles was reported by Maxwell et al. [5] in 1967, yet remains a cause for concern over thirty years later [6] . For obvious reasons, fretting fatigue is particularly important in safety-critical industries such as aerospace or nuclear power generation. The recent high cycle fatigue (HCF) initiative [7] in the USA has provided a focus for fretting research in the aerospace sector, particularly in aircraft engine applications. Here there are a number of important contact features which may suffer fretting fatigue. These include the ÔdovetailÕ roots of compressor blades [8] , where failure may have serious consequences for engine integrity [9] .
Experimental investigations of fretting fatigue have taken a number of forms. Initially it was common to use ÔbridgeÕ type fretting pads, as shown in Fig. 1a (e.g. [10] ) and these remained popular until the early 1990s. The chief virtue is simplicity in that a normal fatigue specimen may be used, either in bending or cyclic tension. The bridges are simply clamped to the sides of the specimen by a proving ring or similar arrangement and the cyclic strain in the specimen causes relative motion between the bridge feet and the specimen. Unfortunately, there are a number of difficulties with such a simple arrangement. Contact conditions at the pad feet are difficult to characterise, particularly if there is bending in the bridge itself. Further, conditions at each foot will not be absolutely identical and it is likely that one foot will slip before the other, even under nominally symmetric conditions. This means that the slip regime during the experiment is often unknown.
A landmark series of papers were published in the late 1960s and early 1970s by Nishioka and Hirakawa (e.g. [11] ). These used a quite different contact configuration of cylindrical pads clamped against a flat specimen (Fig. 1b) . This geometry has a number of advantages: pad alignment is less critical and the stresses may, in principle, be predicted by classical contact analysis [12, 13] . Further, the important parameters for subsequent stress analysis (normal load, P, tangential load Q(t), and specimen remote stress r(t)) may all be readily measured and controlled. The geometry has since been adopted by a large number of other researchers, including Bramhall [14] , Hills et al. [15] , and Szolwinski and Farris [16] . In this type of test the normal load is normally fixed, whereas the tangential load is cycled, and applied using springs (Fig. 1b) or a separate actuator (Mugadu et al. [17] ).
Other types of experiment may be more closely related to the geometry of the actual component. For the dovetail geometry, such experiments have been carried out by Ruiz et al. [18] , Papaniknos and Meguid, [19] , and Conner and Nicholas [20] . A development of RuizÕs apparatus is still in use at Oxford and is shown schematically in Fig. 2 . In this implementation, blade loads, representing centrifugal force in the engine are applied to two opposing blade specimens. These are mounted in a central disk specimen, which is also subject to load, simulating disk expansion under centrifugal loading. This is an important feature, since it allows accurate representation of relative slip in the engine, which may be important for wear of coatings. High cycle fatigue loads, representing blade vibration are applied by mechanical shaker units clamped to each blade. Fig. 3 shows a photograph of a failed dovetail specimen from this rig. The origin of the fatigue crack at the edge of the contact flank may clearly be seen.
Features of fretting fatigue
Relative to plain fatigue, fretting fatigue displays a number of important features which must be considered in any analysis of experimental results or design situations:
(i) Stress gradients are likely to be very high, due to the localised stress concentration at the contact. The magnitude of these stress gradients is usually much higher than those associated with typical design features of components (e.g. notches and holes). (ii) Loading is likely to be non-proportional in the neighbourhood of the contact, even if the external loads are applied in a proportional fashion. This feature is caused by the non-linear nature of the friction at the contact interface. (iii) Initiated cracks will experience a variable R-ratio as they grow away from the contact. (iv) Localised surface damage at the asperity level may play a role in accelerating the initiation of cracks at the asperity scale.
Feature (i) is particularly important since it is likely to lead to a much stronger size effect in fretting fatigue than in plain fatigue. Because of the severity of the stress gradient this effect is likely to be even more significant than that in notch fatigue. Bramhall [14] was the first to investigate the size effect in a systematic way by noting that the peak pressure, p 0 , in a cylindrical Hertzian contact is related to the normal load, P, and the pad radius, R, by
where E Ã is a constant for the material pair (Johnson [21] ). The semi-width of the contact, a, is given by
Hence the peak pressure, p 0 , is proportional to p (P/R), whereas a is proportional to p (PR). It is therefore possible to vary the extent of the contact and its associated stress field (measured by a) whilst keeping the magnitude of the stresses constant. In practice, the situation is a little more complicated than this, since the finite thickness of the specimen can affect the subsurface stress field [22, 23] . However, experiments show that there is a clear variation in fatigue life with contact size [14, 15] . Fig. 4 presents typical data for an Al-4Cu alloy [24] .
Feature (iv), the role of surface damage, has been a matter of debate. Many authors have reported a variation in fatigue life with slip amplitude (e.g. [25] ). Broadly, fatigue life is often found to decrease with increasing slip amplitude up to a certain threshold value (typically 50 lm), then increase again. This effect can be summarised in the diagram shown in Fig. 5 , first suggested by Vingsbo and Söderberg [26] . Much of the experimental evidence, however, has been obtained under conditions of partial slip, where a variation in slip amplitude may equally well be interpreted as a variation in tangential force. This might explain the initial decrease in fatigue life with increasing slip. The increase for slip amplitudes greater than 50 lm is often ascribed to the rapid increase in wear rate, which Ôwears awayÕ embryo cracks before they can propagate. Another possibility is that the wear debris itself forms a solid lubricant layer, thereby reducing stresses [27] . Ciavarella et al. have recently pointed out [28] that it is not always straightforward to separate out surface damage and stress effects and this may be one reason why the debate is still running.
Prediction of fretting fatigue performance
Early attempts at the prediction of fretting fatigue performance frequently employed ÔspecialÕ empirical parameters, formulated purely for the fretting case. These were perhaps thought necessary because of the features of fretting fatigue mentioned earlier, which caused difficulties in applying standard fatigue parameters. Particularly popular were the parameters proposed by Ruiz [18] . The first of these was an energy based damage parameter (sd) formed from the product of the local slip amplitude with the maximum shear traction. A second, enhanced parameter (rsd) was proposed by multiplying this by the maximum local stress component parallel to the contact surface. This was found to give a better estimation of the location of fretting crack initiation, although the physical interpretation of the parameter is much less clear. It seems unlikely, for example, that a critical value of either of RuizÕs parameters could be regarded as a material constant. Nevertheless, such parameters often provide an acceptable means of correlating across a range of experimental conditions for a given pair of contacting materials [28] .
Attempts to apply more general fatigue parameters to the fretting problem have often started by recognising the inherent multiaxial nature of the stress field. Neu et al. [29] applied a range of parameters, including Fatemi-Socie [30] and Smith et al. [31] approaches to the interpretation of tests carried out on PH 13-8 stainless steel. These investigators found that the Fatemi-Socie (FS) parameter was most effective at prediction the location and initial growth direction of fatigue cracks. The FS parameter is based on shear initiation along critical planes and may be defined as
where Dc is the shear strain range on the critical plane, r max is the maximum value of direct stress across the plane, r y is the yield stress, and b is a fitting parameter. No attempt was made in [29] to correlate the parameters with initiation life. However, the same pair of critical plane parameters was also used in the analysis of experiments in Al-4Cu and Ti-6Al-4V by Araú jo and Nowell [32] . Here, initiation life was predicted and was shown to correlate reasonably well with NowellÕs results ( [24] , presented here in Fig. 4) for the large contacts in each series. However, since the magnitude of the stress was the same for all contact sizes, the increase in life at lower values of semicontact width, a, could not be predicted by the straightforward application of the method. To overcome this difficulty, averaging of the parameters (or the underlying stress components) over a critical volume was proposed and results are presented in Fig. 6 . Averaging of the FS parameter is carried out over a cubic volume of side d. It will be seen that a value of d between 50 and 80 lm appears to give the best fit to the experimental results. This value is similar to a typical microstructural dimension for the material, which has an elongated grain structure with a grain size of the order of 100 lm.
Other authors have applied different multiaxial parameters to crack initiation in fretting. Fouvry et al. [33] have applied Dang VanÕs mesoscopic parameter [34] and have shown that an averaging dimension of 6 lm is required in a low alloy steel (30NCD16) in order that the fretting results are consistent with those for plain fatigue in the same material. It should be noted that, whilst Dang VanÕs parameter starts from a physical basis in considering the shakendown stress state within an individual grain, a number of approximations are required in order to use it with macroscopically observable material parameters. Peridas et al. [35] have shown that the parameter is in fact very similar to a number of classical bulk parameters, including the Goodman and Sines relationships. In an alternative approach, Murthy et al. [36] have applied a modified Manson-McKnight multiaxial model which also avoids the requirement to calculate critical planes. Once again, some form of correction was found to be required in order to account for the high stress gradients present. Here a weakest link approach was followed, rather than explicit volume averaging.
Notch analogies
As discussed above, it would appear that the stress state under a typical frictional contact is highly multiaxial and undergoes non-proportional loading. This is true for the case of a general point, but it is frequently the case that the most highly loaded point is at or near the edge of contact. This can be clearly seen in Fig. 7 , which shows the Smith Watson Topper (SWT) and FS parameters for the load case corresponding to the experimental results in Fig. 4 . If the most highly stressed point is at the contact edge and the contact is ÔincompleteÕ [21] , the normal and shear tractions will have fallen to zero at this point and hence the only non-zero stress component at the surface will be that parallel to the surface. Hence the stress state at the point of initiation is likely to be uniaxial (or very close to it). This means that the complication of using multiaxial parameters might reasonably be avoided in many circumstances. With this approximation, it is possible to draw an analogy between the stress state at the contact edge and that in a suitably shaped notch (Fig. 8 ). This is a rather loose analogy, since it is restricted to matching stresses along a line in each geometry (the notch bisector and the surface normal at the edge of contact). However, good results can be achieved by varying the notch size, root radius, opening angle, and remote load. Fig. 9 shows some example results, comparing stresses beneath a Ôflat and roundedÕ contact with those in the neighbourhood of a notch.
This analogy suggests that it might be possible to apply traditional notch fatigue life prediction approaches, such as the ÔpointÕ, ÔlineÕ, and ÔareaÕ methods [38] , to the interpretation of fretting fatigue. The approach certainly has its uses, notably in reading across from experiments at different contact conditions in the same experimental series, but a degree of empiricism is required in choosing the critical distance. 1 The high stress gradients present, when compared to notches introduced as design features, mean that it is unlikely that standard values can be used. An example of this application is shown in Fig. 10 , which predicts the Ôfatigue limitÕ for a set of fretting fatigue experiments as a function of contact size (specifically, since this is a flat and rounded configuration, the size of the stress concentration in the rounded zone at the edge of contact, characterised by the distance, b, between the edge of the contact and the start of the flat portion). The normalising parameter a 0 is the same as that defined later (Eq. (13)).
Crack analogies and asymptotic approaches
Over the last decade, a new means of assessing stresses at contacts has developed, based on asymptotic analysis. Giannakopoulos et al. [39] noted that there are some parallels between the stress field close to the 1 By Ôcritical distanceÕ we mean the distance from the notch root over which the stresses are averaged (or in the case of the point method the distance from the notch root of the point where they are evaluated).
edge of a flat rigid punch and that at the tip of an elastic crack. In particular, the pressure distribution for a flat rigid punch (with sharp corners) resting on a half-plane is given by where P is the normal load (per unit length) and 2a the width of the punch. It will be apparent that there are singularities in pressure at the edge of the punch and these may be investigated further by taking an asymptotic expansion of (4) using a co-ordinate r = x + a. This gives (for the left hand edge)
The analogy with the stresses at the tip of a crack will be clearly seen. Tangential loading of the punch may be treated in a similar way and is found to be analogous to mode II loading of a crack. In practice, of course, the high stresses present at the edge of contact are likely to be relieved by material yield. This consideration leads to an equivalent restriction to that of Ôsmall scale yieldingÕ applied to crack problems. Since the loading produced by the punch is analogous to mode I and II loading of a crack, it may be seen that fretting fatigue crack growth for this geometry is related to the problem of a branch crack growing from the tip of a primary elastic crack [39] . The original results of Giannakopoulos et al. are rather restrictive in terms of geometry and the application to practical fretting fatigue situations is therefore not entirely straightforward. However the original idea has been extended to the case of a flat punch with radiused corners (the so-called Ôflat and roundedÕ contact) [40] . In this case the analogy is with a blunt notch rather than with a crack. Ciavarella [41] has extended the approach still further in formulating the ÔCrack like notch analogueÕ, or CLNA model. He notes that the size effect means that a fretting contact can effectively be classified into three distinct regions, in a similar manner to that proposed for notches by Atzori and Lazzarin [42] : (i) cases where the stress concentration affects such a small area that it may be ignored, (ii) cases of intermediate size where the concentration behaves in some respects like a notch, and (iii) cases where a large volume of material is affected and a simple stress concentration, or K T approach may be employed.
More recent asymptotic approaches have been developed by Dini et al. [43, 44] and are concerned primarily with bounded asymptotics. The approach does not relate so directly to crack solutions, but provides a potential means of correlating fretting contacts under different geometry and loading conditions. Consider, for example, the Ôflat and roundedÕ contact depicted in Fig. 11a , which gives a similar contact pressure to that in the dovetail (Fig. 3) . Far away from the radius at the corner, and provided we are also far from the other edge of the contact the arguments of [39] may be applied to conclude that the presence of the radius has very little effect and the pressure will be similar to that for a flat punch with sharp corners (Eq. (4)). Very close to the edge of contact, the presence of the radius will be the dominant feature and the pressure distribution will be bounded. It can be shown further that, asymptotically, the pressure will be Hertzian at the edge of contact so that where r is again measured from the edge of contact and K Ã I is a parameter describing the intensity of normal loading. These ÔinnerÕ and ÔouterÕ asymptotes for pressure are shown schematically in Fig. 11b . The surrounding stress field may be characterised using Muskhelishvili potential methods [45] . The relevant potential is
A similar approach may be adopted for tangential loading, where it is possible to deal with the case of partial slip. If the stick/slip boundary is located at a distance c from the contact edge, the shear traction may be described by 
where f is the coefficient of friction. It will be noted that K
Short crack arrest
The asymptotic approaches outlined above generally offer a means of correlating one contact with another, under different geometric and loading conditions. Thus, it should be possible to characterise a contact in a component and to carry out fretting fatigue experiments under an identical stress state. This offers an extremely useful means of reducing the complexity of the experiments required and experimentally characterising initiation lives. However, fretting fatigue experiments are still likely to be required and a more ambitious goal would be to seek to predict fretting fatigue performance from materials parameters obtained in other types of experiment (for example the plain fatigue strength or the long crack threshold value of DK). There seems little hope of characterising initiation in this way, since the surface finish is likely to play an extremely important role at these length scales and detailed description of the required parameters is likely to prove extremely challenging. At a slightly larger length scale, however, surface roughness effects are likely to be less dominant. We have already remarked that for a crack to initiate and grow, the stress field needs to be high and sustained over a reasonable distance. This observation can be formalised by appealing to the concepts of short crack arrest. The general approach was first suggested by Nowell and Araú jo [46] and independently by Chan et al. [47] . The method is based on the Kitagawa-Takahshi diagram [48] , expressing the crack propagation threshold as a function of crack length for small cracks. Let us assume that there exists a long crack threshold value of DK, denoted by DK 0 . Long cracks will propagate only if DK is above this value, i.e.
On the other hand, short cracks may be observed to initiate and grow if the applied stress range exceeds the fatigue limit
This equation may be conveniently expressed in terms of the stress intensity factor as
where Y is the usual geometric factor associated with the stress intensity factor and a is the crack length. These two Eqs. (10) and (12) may be plotted on a diagram of DK vs a, as shown in normalised form in Fig. 12 . The intersection of the curves occurs at a crack length a 0 given by
which for the case of Y = 1 corresponds to the well-known El Haddad dimension [49] . This allows us to write Eq. (12) as
The region in Fig. 12 below both of the curves may be regarded as a ÔsafeÕ region of no crack propagation, whereas the region above either curve is likely to result in crack initiation and growth.
This approach may now be used to predict a fretting fatigue limit as follows: the variation of stress intensity factor with crack length for a given situation is first obtained. This is then plotted on the K-T diagram in the manner shown schematically in Fig. 13 . Generally, the resulting plot will be of two forms (i) the SIF curve will be always above the threshold (curve A) in which case failure can be expected, or (ii) the SIF curve falls below the threshold (curve B) in which case a growing crack will arrest. The limiting case may be found by determining the load corresponding to a curve of type C, which just touches the threshold.
This approach may be used with some success to predict the fretting fatigue strength for a range of configurations, as depicted in Fig. 14 for a sample case of flat and rounded pads against a Ti-6Al-4V specimen. It will be seen that the size effect is clearly predicted. In many cases, as for the results shown here, the predictions are rather similar to those obtained using a notch analogy and the ÔpointÕ method at an appropriate depth beneath the contact (cf. Fig. 10 ). The short crack approach is, in principle, more attractive since it relies only on standard material parameters obtained from plain fatigue experiments. It should be noted, however, that there may be some uncertainty in measured values of DK 0 and Dr fl since neither are entirely straightforward to determine. Similarly, the choice of Y in Eq. (13) is not without difficulty and values may range from 0.67 for a semi-circular crack to 1.1215 for an edge crack in a two-dimensional geometry. The fact that these parameters are combined and then raised to the power of two in Eq. significant uncertainties in a 0 in a practical case, so that although it has a clear physical basis it might be better regarded as a fitting parameter, in which case some of the attractiveness of the approach is lost. We should also note in passing that an alternative definition for the threshold may be developed based on the short crack arguments advanced by El Haddad et al. in [49] . Traditionally, the El-Haddad approach is seen as increasing the crack driving force by increasing the effective crack length by a 0 so that
Implicit in this approach is the assumption that the threshold remains constant. An alternative means of considering the modification is to regard the crack driving force as constant but that the threshold is reduced so that
It will be seen that this gives a single expression for the threshold which is asymptotic to Eqs. (10) and (14) for long and short cracks respectively, whilst allowing for some interaction between the two regimes, so that at a = a 0 Eq. (17) predicts a threshold which is 70% of that given by the intersection of (10) and (14).
Conclusions
The problem of fretting fatigue is very complex, involving high stress gradients, non-proportional multiaxial loading, and surface finish effects which are difficult to characterise. However, significant progress has been made in understanding the phenomenon over the past decade. An important foundation for this work has been the increased standardisation of test techniques and a recognition of the importance of monitoring a wide range of parameters during the course of the experiment. The improved reliability of experimental data has removed some of the obstacles present in developing predictive methods. A number of attempts have been made to apply multiaxial initiation parameters to fretting fatigue, but it is now recognised that the stress gradients present are frequently very high and it is therefore necessary to average the parameters or the underlying stresses over a representative volume in order to capture the experimentally observed size effect.
In characterising the initiation problem a number of parallels have been drawn between fretting fatigue and notch fatigue. In retrospect it perhaps seems surprising that these were not recognised earlier. However, for many practical cases, stress gradients in fretting fatigue are much higher than in notches which are present as design features so that it is far from straightforward to compare fretting and notch fatigue results. A more promising approach appears to be the use of asymptotic methods to characterise the stress fields at the edge of contact, which is frequently the site of crack initiation. Initially these methods dealt with singular stress fields corresponding to the Ôflat punchÕ problem, but modifications have now been made to deal with practical geometries and the use of bounded asymptotic methods to characterise initiation conditions appears to provide a useful means of correlating initiation conditions between apparently dissimilar fretting situations.
Long crack propagation in fretting fatigue is, in principle, no different to that of plain fatigue, although some complications remain, such as the presence of variable R-ratio and non-proportional loading. Short crack propagation is particularly important in the fretting situation, since the length scales of the contact stress field and microstructurally short cracks frequently coincide. Short crack arrest methods have been developed which are able to predict the arrest of fretting cracks from plain fatigue data, specifically the fatigue limit and the long crack threshold DK. These approaches show considerable promise as a means of predicting the fretting fatigue limit in practical situations. Looking into the future, a number of areas look increasingly important. The importance of microstructure offers scope for investigation since microstructural dimensions are often similar to the characteristic dimension of the stress field. The use of conventional continuum mechanics may not therefore always be appropriate. Similarly, most surfaces will contain residual stress fields, but these are frequently ignored in analyses of fretting fatigue. Improved surface treatment processes such as laser shock peening will increasingly be used in fretting situations and there will therefore be a need to predict fretting performance in the presence of residual stress.
